NIR (near-infrared) spectroscopy 1,2 is one of the most popular spectroscopic analytical methods, especially for many practical and commercial applications. It has been applied to many different industrial areas, such as agricultural, 3, 4 food, 5, 6 pharmaceutical 7-9 and petrochemical fields. [10] [11] [12] [13] The major advantages of NIR spectroscopy are that it is fast and nondestructive without requiring any chemical reagent, and it is easy to extent to on-line analysis in conjunction with optical fibers. However, it suffers from low sensitivity and limited qualitative chemical information, since the spectral bands in the NIR region are overtone and combination bands. There are many factors that influence the detection limit, such as the type of samples, complexity of the chemical matrix, spectral ranges, instrument types and performance. The major goal of this research was to evaluate the NIR calibration performance in a low-concentration range (0.05 -2.00 volume fraction) using controllable and important spectral parameters: spectral difference and signal-to-noise ratio. PLS (Partial Least Squares) regression 14,15 was used in this research. By systematically changing these two basic parameters, it is possible to rationalize the relationship between the chemometric calibration performance and these two parameters. The spectral difference corresponds to the difference in the molecular structure between an analyte and a solvent. To change the molecular structure of analytes, three different analytes (hexane, cyclohexane, toluene) and heptane as a solvent were selected. Simultaneously, the signal-to-noise ratios of the spectra were systematically regulated by changing the number of scans (4, 8, 16, 32, 64 scans). Overall, all of the spectral data sets were composed of a combination of the spectral difference and the signal-to-noise ratio variations.
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The overall results demonstrate that the calibration performance is greatly changed by the spectral difference as well as signal-to-noise ratio of the collected spectra. The signal-to-noise ratio of the spectra influenced the calibration performance for all three components, but had a relatively greater influence on hexane.
Experimental

Reagent and sample preparation
Hexane (99%), cyclohexane (99%), toluene (99%) and heptane (99%) were purchased Sigma-Aldrich Inc. Three separate sample sets (hexane, cyclohexane and toluene) were prepared by weighing and blending an appropriate amount of each analyte in a solvent (heptane). Each sample set was composed of 25 samples with the concentration range from 0.05 to 2.0 volume fraction.
NIR spectra
All of the NIR spectra were collected using an ABB Bomem FT-NIR Spectrometer (Quebec City, Canada) equipped with a tungsten-halogen source and a DTGS detector. A transmission cell (pathlength: 0.5 mm) made of CaF2 was used to collect spectra over the 5000 -4000 cm -1 range. The resolution of the spectra was 4 cm -1 . Air was used as a background for all of the samples. The scan number was systematically changed (4, 8, 16 , 32 and 64 scans) to vary the signal-to-noise ratio.
To minimize any possible influence of the instrumental variations among three data sets, spectra were collected continuously across the samples of three analyte data sets, rather than collecting samples of a single data set. Three samples of the same concentration from each data set were regarded as one group in the sample preparation as well as spectral collection. Once one group of three samples from each data set was prepared, the corresponding NIR spectra were collected continuously and promptly without stopping. Because the duration of collecting three samples (one group) was approximately 1 h, no significant instrumental changes were expected during this period. By this way, any undesirable instrumental variations among three data sets can be effectively disregarded. The chemometric calibration performance was systematically investigated by two parameters (changing the chemical matrix as well as the signal-to-noise ratio) of the NIR (near-infrared) spectrum. Three different analytes (hexane, cyclohexane, toluene) were selected and heptane was used as a solvent. The degree of spectral difference significantly affected the calibration performance. The largest structural difference between the analyte and the solvent provided the best calibration result for a given signal-to-noise ratio. Additionally, the signal-to-noise ratio of the spectra also directly influenced the calibration performance. Overall, the spectral difference and signal-to-noise ratio were the major factors for governing the chemometric calibration performance, especially in the low-concentration range. 
Data processing
All of the algorithms including PLS (partial least squares) regression and the second derivative were accomplished using GRAMS/32 software with an add-on PLS algorithm (Galactic Industries Corporation, Salem, NH, USA). NIR spectra were imported into GRAMS/32 before the PLS regression was accomplished.
Results and Discussion
Spectral features of the components
To rationalize the variation in the chemometric calibration performance by spectral (structural) differences, it is logical to investigate the spectral features of each analyte as well as the solvent. Figure 1 shows the NIR (near-infrared) spectra (5000 -4000 cm -1 , 16 scans) of hexane, cyclohexane, toluene and heptane (solvent). The spectra were horizontally offset for a clear comparison. The 5000 to 4000 cm -1 (combination bands) range was solely used for this study, since it provides the most selective spectral information in the NIR region. As presented in the experimental section, the 0.5 mm optical pathlength was chosen to maximize the spectral features in the 5000 to 4000 cm -1 range.
As expected, the spectral features of hexane and heptane are similar to each other because their molecular structures are almost similar, except for one more methylene (-CH2-) group in heptane. Only small spectral differences were observed around the 4200 and 4090 cm -1 regions. For cyclohexane, its spectral features are fairly different from those of heptane, since there are only methylene (-CH2-) vibrations in the cyclic ring structure. Distinct peaks were observed around the 4270, 4180, and 4100 cm -1 regions. Toluene provides the most significant differences due to the larger structural differences (including benzene ring). A unique peak of benzene ring was observed in the 4700 -4500 cm -1 range, while this band was not observed in the spectra of other two components. Also, the spectral features are fairly different in the 4500 -4000 cm -1 range. The overall absorbance scales of the analytes (hexane, cyclohexane, toluene) are similar to each other.
To examine the spectral differences in greater depth, the absolute difference spectra were generated by subtracting each analyte spectrum from the solvent spectrum and making all of the resulting values positive. The resulting difference spectra are shown in Fig. 2 . The degree of spectral differences shown in the figure is from the different locations of the absorption bands resulting from the difference in the molecular structure.
Signal-to-noise ratio variation
The signal-to-noise ratios of the spectra were artificially varied by changing the scan numbers from 4, 8, 16, 32, and 64. It is well known that the signal-to-noise ratio is proportional to the square root of the number of scans. These scan numbers were chosen to systematically and regularly increase the signalto-noise ratio by a factor of (1.414). The RMS (Root Mean Square) noise was calculated for each scan number. As described in the experimental section, there are 25 groups (25 different concentration levels) of samples. Each group corresponds to 3 samples of hexane, cyclohexane and toluene at the same concentration. The results are summarized in Table 1 . In the table, the standard deviation and the relative standard deviation (RSD) of 25 RMS noise values from 25 groups are presented. The spectral collection of all data sets of the 25 groups was performed over 40 days. Because the variation in the RMS noise (of each scan number) during this period is fairly small, its RSDs are in the 3.2 -5.7% range. Therefore, it can be regarded that the NIR spectrometer condition was fairly stable over the whole experiment.
PLS calibrations
A PLS (Partial Least Squares) regression 14, 15 was used to build calibration models for each component with different scan numbers. In applying the PLS algorithm, it is generally known that the spectral range and the number of PLS factors are critical parameters. 11 For the spectral range, only the 5000 -4000 cm -1 range, which included all spectral information, was used. Then, a PLS regression was performed using the second-derivative spectra. It is well-known that the second derivatization of raw spectra helps to enhance the spectral features as well as to remove (or at least reduce) any baseline variation.
17 Figure 3 shows the raw (top) and corresponding second-derivative spectra (bottom) of the toluene data set (total of 25 spectra with 64 scans). Additionally, the 4700 -4500 cm -1 range is enlarged on the same plot. As shown, the spectral variations are effectively enhanced while keeping the same qualitative information.
The calibration results for each component with different scan numbers are summarized in Table 2 . The numbers in parenthesis correspond to the number of PLS factors used. For a given scan number (signal-to-noise ratio), the SECVs (Standard Error of Cross Validations) of toluene are always best, followed by cyclohexane and hexane.
One slight abnormality was observed for toluene with a scan number of 8. Several spectral parameters, such as the baseline variation and outlier presence, were deeply investigated to explain this abnormality; however, no clear reasons were found. Nonetheless, it is generally very clear that toluene provides the most selective information over the other two components, and results in a better calibration performance. As shown earlier, the degree of the spectral difference over the solvent is one of the major factors to govern the calibration performance. In a given analyte, the SECVs are improved with an increase of the scan numbers (improve of signal-to-noise ratio). The general decrease patterns of SECV with an increase of the signal-to-noise ratio are similar for each component. These results show that the signal-to-noise ratio of the spectrum also strongly influences the calibration performance along with the structural difference, especially in the low-concentration range.
Additionally, it is found that a relative improvement of SECV by improving the signal-to-noise ratio is greater for hexane. Therefore, the variation in the signal-to-noise ratio is much more influential for hexane when it is required to discriminate relatively small spectral differences.
The overall results demonstrate the importance of the signalto-noise ratio for measuring the low-concentration component, such as benzene in gasoline. Due to strict environmental regulation, the benzene concentration in gasoline is being reduced from 2 -3% to under 1%. For a reliable measurement, especially an on-line measurement for quality control, the signal-to-noise ratio should be regularly checked and necessary spectroscopic maintenances should be performed. Future research will be directed to perform a similar evaluation for determining of benzene in gasoline, that requires an accurate determination in the low-concentration range. 
